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Introduction to bulk viscosity



Why study bulk viscosity in HIC?

e Damping of r-mode instability in rotating neutron stars:

Stars, Planets...
4%

e DBulk viscous cosmology:




Introduction to bulk viscosity

. Consider uniform rarefaction

. The density and energy density of the system will drop
. The pressure also drops, but more than expected from

P = pO(Ea nz)
and the bulk viscosity characterizes this additional pressure shift.

. The opposite scenario holds for a system in uniform compression.



Acoustic Spectroscopy

1. Sound attenuation can be related to the viscosity via
generalized Stoke’s law




Origins of Bulk viscosity

Non-zero mean free path Phenomenon # of Collisions

= L=

Non-equilibrium chemistry Translation ~ 10
Internal DOF': vibrational, rotational Rotation ~ 10
Dynamic mean fields Vibration ~ 10°

Dissociation > 104

Viscosity is determined by the slowest process to equilibrate

Bulk and shear are independent quantities sensitive to different physics...
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Bulk Viscosity in heavy-ion collisions

KD, Thomas Schaefer, arXiv:1109:5181



Bulk Viscosity in heavy-ion collisions

1. Relaxation Time Approximation:

1 2
~ 15m | = — ¢?

S. Weinberg, Astrophys. J. 168:175, 1971.

1
C5277<§—C§)

A. Buchel. Phys. Lett. B663:286-289, 2008.

2. AdS/CFT:



Equation of state
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Hydrodynamics

1. Equation of Motion:
9, T" =0

2. Stress-Energy Tensor:
TH = (e + P) utu” + Pgh” + nH” + TIAHY
3. In the LRF:

T = —n (87’107 + o ut — géwﬁkuk) = —no* = =2n(0"u’) ,

II = —C@ku’“



Freeze-out

1. The standard Cooper-Frye formula:

E_

P By p)pldoy,

2. must include viscous corrections of form

f(Ep) — fO(Ep) + 5f(Ep)

3. with the constraint

s — [ P rspim,)
@rpE, © P



How does shear viscosity appear in spectra?

1. Viscous correction to equation of motion

0T =0 where T — (e-+ pluru’ + pg"—n(0"u")

2. Viscous correction to spectra
Ed3N v
dp  (2m)3

[ fotos v,

5f = =5 % folp)p'p (Druy)



How does shear viscosity appear in spectra’?
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Clearly we need to have a quantitative understanding of of



Boltzmann Equation

1. Starting point will always be the Boltzmann equation

(6t+vp'aX+F'ap)f(t7X7p) — _C[fap]

p m 0L,
Vp = — F=——0m=-— Ox B
° P Ep op

2. along with this modified form of the stress tensor

5 d3p 5 5 om?
TH :/(QW)SE (P“P — Pt T? 6T2)f(t,x,p)
P




Relaxation Time Approximation: Shear

. Take the simplest collision operator:

- 1
Clf,p] = f(le)( Ep?p " T BE, 1

. The viscous correction goes as

TR(Ep) 1 . .
O0f = — np(l £ ny)=p'p’ o,
EpT b | & 2 J

. with the constraint

d3 T Y
p



How does shear viscosity appear in spectra’?
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The true form of 6f is somewhere between linear and quadratic.



Weakly coupled pure-glue QCD

1.  We start with the Boltzmann equation

Oif +vp - Oxf = =C*2[f] = C'?[f
2. and linearize it by substituting f(p) = f, (p) + 5f(p)

fo g Oaus) = €2 f] - €*%(of

3. The above integral equation can be inverted in order to obtain 6f



Weakly coupled pure-glue QCD

Three different modes of energy loss:

. dp 4 T
1. Soft Scattering T g~ mp — x g log | —
dt mp

2. Collisional Tq ~\VET

Ap 9 /%
3. Radiative mrvﬁﬁ Kt X g qu



Shear Channel
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Quark / gluon elliptic flow

(w/ shear viscosity)
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Bulk channel at leading log

X()

06 y

Same result as first done by:

Arnold, Dogan Moore, PRD 74:085021, 2006.
See also: Hong, Teaney PRC 82:044908, 2010.



Quark / gluon elliptic flow
(now including bulk viscosity)

0.5

Solid: Srllear only

Dashed: Shear + Bulk
0.4 -

0.3

Vs (PT)

0.2

0.1




Scalar / Pion gas

1. For scalar ¢* and a pion gas we need to include inelastic processes
(at + Up - ax +F- ap) f(taxa p) — _CQ<—>2[f7 p] — CQ<—>4[f7 p]

2. and after linearizing around equilibrium solution we have

2
Eﬁ (]; — Cngﬁ (ggp)) — _CQ<—>2[5fa p] — C2<—>4[5f7 p]
| &

See: Jeon, Yaffe, PRD 53:5799, 1996.
and Lu, Moore, PRC 83:044901, 2011.



Transition Rates

1
CQ<—>2[5f7 p] — 5/ Fpk—>p’k’ npnk(l ‘|‘np’)(1 +nk’)
. k7p/’k/
x [x(p) + x(k) = x(p") — x(K")]
1
Couldf,p] = 3191 Lp/k—pkiaq’ MpTkNgng (1 + np ) (1 + nk)

’>< [>’<(’p) +x(k) = x(@") — x(k") — x(q) — x(q')]

1. The 2 <+ 2 collision operator has an exact zero mode

x(P) = xo0 — x1Ep



Zero-mode solution

1. The two unknowns in the zero-mode solution

x(p) = xo0 — x1Ep

2. can be related to the bulk viscosity coefficient

_S 2 O(BEp)
Xo=F S = / 27) SE ( — Cslp 95 )np(1+”p)
3. and determined by landau matching

d’p -
Se =0 = / B25 ¢
(2m)3E, P




Viscous corrections in bulk channel
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Hadron Resonance (Gas

1. Let us assume that in a HRG number change is the slowest
process and the deviation from equilibrium is near the zero-mode,

0f*(p) = —n%(1 £ n2)0u” (x§ — x1Ep,)

With Nspecies+1 unkl’lOWIlS.

2. One unknown is constrained by bulk viscosity

_ a ra a d°p p° 2 12 a a
C_ZVG,XO F :/(27T)3Ep (3 —c B | ng(1£ng)

and another by landau matching:

dS
e =0 = Z z/a/ (27:))3 E,. 6fp)




The model

1. Many hadronic species are in relative chemical equilibrium
For example: p <— 27, pp <— o7

(See works of Pratt/Haglin, J.L. Goity, Song/Koch)

2. Let us take the simplest model

B Pions C, ~ 2

Xo =14 Cm X x5  Mesons ~
| Cy x x§  Baryons Cp ~ 2.5

3. and the bulk viscosity becomes

(1 Pions
¢=Xo Z Vo, Co F* where C, =< (C,, Mesons
a Cy  Baryons

\



Phenomenological consequences



Differential vo
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Ambiguity in separating bulk and shear in va2(pr).



Integrated v
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Integrated v2 insensitive to bulk viscosity.



Effect of bulk viscosity on spectra
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Effect of bulk viscosity on flow

0.2

| Sheellr Onlly |
Shear + Bulk == — 7

0.15 - STAR Data

Pions

0.1

Vo(PT)

0.05

O 02 04 06 08 1
pt [GeV]

1.2 14



Perspectives on Electromagnetic Probes



Photon production at leading log

Compton: Annihilation:

7

p T T
P quark qphoton P quark qphoton

. Photons are completely out of equilibrium.
Photon spectra appears thermal because the quarks and gluons
creating the photons are in thermal equilibrium.

. This is clear in a leading log approximation where

)

M
Pquark ~ Yphoton



Photons from a viscous medium

1. This simple kinetic theory calculations yields

dN. E
EW’ d?’q: X Qels fquark(Q’Y) T2 In (#gz?r>

and depends on the quark’s distribution function evaluated at the
photon’s momentum.

2. Out of equilibrium:

fquark(qu) — ’flo(qu) (1 o Xguark(Q’Y) ) q%qua@uﬁ R XqHuark(Q’Y) ) azuz>



xX(p)

Depends on energy loss
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Photon Spectra (Shear viscosity only)
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Viscosity increases Photon’s effective temperature
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Lots of caveats here! Work in progress ...



Now including bulk viscosity

1/gr dN/(dq, dy) [GeV ™ fm™]
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Now including bulk viscosity

1/g7 dN/(dq, dy) [GeV ™ fm™]
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Now including bulk viscosity

(dNp +g dN)/dNj
Shear /Ideal
4
3
)
: (Shear+Bulk) /Ideal
1=
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Can bulk viscosity explain the larger than expected photon elliptic flow?




Conclusions

S

. Data favors a non-vanished bulk viscosity and B < 0.05

. explain “pion wind” w/o resorting to RQMD

. pr integrated vz insensitive to bulk viscosity

. There is promise for learning about transport from
photons/di-leptons

. Any constraints we can place on the bulk viscosity are
important for cosmological models of the early universe



Backup



Pions / Protons
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Relaxation Time Approximation: Bulk

1. Again, start with the RTA

2. The viscous correction 1is

Of = —T}zj(lilj)np(l + np)0;u’ (];2 — cnga (gﬁEP)>

3. with the constraint

g d> 2 0(BFE
Tm_P(eJrcSe):/(zW)pr (% — 2 E, (gﬁp))éf

|

II



Landau matching

1. But also the shift in energy density must vanish

d°p p’ 2 742 JReY
dERTA X /(Qﬁ)gnp(linp) g_CsEp (BEp)

om? d>p p? ~ o
- = (zw)Snp(l + nyp) (3 — ciEﬁ) (BE,) ™

2. which only happens in special circumstances



Re-summation

1. A taylor expansion of the equilibrium distribution shows the
zero-mode coefficients are related to shifts in chemical potential
and temperature

’ aiq ooy (B, EpdT = = (")
of (19)2”1)(HE”P)(TJr ?2 ) 0T = +(u™)T?x1

2. And we can make an ansatz for a re-summed of

1
e T—|—6T —Bue +1

f(p) =
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Bulk channel at leading log

1. The Boltzmann equation can be recast as a Fokker-Plank
equation at leading log order

L (P o 3(5Ep)> Tpa 0 ( 0 [ 0f(p) D
oy 4+ 0u' | = — 2B = : 1 .
2pp 0 + Oju (3 CsLlp 53 np(1+np) Opi 'n/p( +np)8pz np<1+np)

2. This ode can be solved with appropriate boundary conditions

dp . g*Cam?4, log T
mp

Hong, Teaney PRC 82:044908, 2010.
and AMY, JHEP 0011:001 2000.



Transition Rates

1

024_)2[5f, p] = 5 Fpk—>p’k’ npnk(l -+ np/)(l —+ nk/)

. k,p/7k/

x [x(p) + x(k) = x(»") — x(K)] ,

1
Coculdf,p] = 3191 L Lpk—pkiqq’ MpTk Nghg (1 + npr) (1 + nk)

. . ,p/7 /7q’q/

x [x(p) + x(k) = x(@") = x(K") = x(q) — x(¢)]
1
IEVTET] Lpk—sp/kiqq Mp' M NgNg (1 +np) (1 + nk)

Ty [)’<(7p’) + x(k) — x(p) — x(") = x(q) — x(¢")]

1. The 2 <+ 2 collision operator has an exact zero mode

x(P) = xo0 — x1Ep



